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crop	 in	 Mediterranean	 environments	 because	 of	 its	 adaptation	 to	 dry	 and	 hot	
summers.	Plant	density	is	an	important	factor	for	biomass	production	but	it	is	related	







density,	designed	as	a	double-row	system;	 it	was	achieved	by	 lifting	 two	out	of	 four	
crop	 rows.	 Treatments	 were	 evaluated	 for	 plant	 density,	 stalk	 density,	 number	 of	
heads,	 plant	 height,	 biomass	 production	 and	 dry	 matter	 content	 in	 summertime.	
Cynara	plants	tended	to	be	higher	(215	vs.	205	cm)	and	more	productive	(0.83	vs.	0.69	
kg	dm	pl-1)	 in	double-rows,	despite	 intra-variability.	However,	 this	 apparent	higher	
growth	did	not	compensate	the	reduced	plant	density	and	finally,	the	yield	in	biomass	
was	lower	than	in	the	single-row	treatment	(8	vs.	13	t	dm	ha-1	harvestable	biomass).	
Moreover,	 a	 higher	 proportion	 of	 cauline	 leaves	 was	 recorded,	 which	 affected	 the	





Cynara	cardunculus	 L.,	 commonly	 known	 as	 cardoon	 or	 cynara,	 is	 a	 perennial	 herb	
with	 an	 annual	 growth	 cycle	 that	 extends	 from	 autumn	 to	 summer,	 season	 in	 which	 the	
aboveground	 plant	 parts	 dry	 up	 and	 seeds	 are	 ripe.	 Contrary	 to	 artichoke,	 for	 energy	
purposes	it	is	grown	according	its	life	form.	The	crop	is	harvested	every	year	in	summertime	
and	 re-grows	 in	 early	 autumn.	 Seeds	 can	 be	 separately	 harvested	 for	 oil	 and	 the	
lignocellulosic	 biomass	 for	 solid	 biofuel	 (Fernández	 et	 al.,	 2006).	 C.	 cardunculus,	 as	 a	
Mediterranean	native	species	(Wiklund,	1992),	is	adapted	to	Mediterranean	climates,	which	
are	characterized	by	low	annual	precipitation,	irregular	rainfall	distribution	and	hot	and	dry	
summers.	These	conditions	represent	a	 limitation	 for	most	energy	crops	 if	no	 irrigation	 is	
supplied.	 The	 adaptive	 advantage	 of	 this	 species	 along	with	 other	 characteristics,	 like	 the	
high	 biomass	 potential	 and	 the	 double	 application	 (solid	 and	 liquid	 biofuels)	 of	 the	 crop	
produce,	 make	 Cynara	 an	 interesting	 energy	 crop	 for	 dry	 farming	 in	 Mediterranean	
environments.	
Research	 on	 Cynara	 as	 an	 energy	 crop	 has	 been	 carried	 out	 in	 Spain	 and	 other	
European	countries	in	the	framework	of	a	number	of	R+D+i	Programmes.	Progress	has	been	





growth	 habit	 (branching,	 height)	 and	 competence	 for	 water.	 Thus,	 in	 water-constrained	
conditions	 it	 is	 extremely	 important	 to	 optimize	 plant	density.	 The	 effect	 of	 this	 factor	 on	








The	 experiment	 was	 carried	 out	 in	 the	 property	 ‘El	 Encı́n’	 of	 IMIDRA	 (Instituto	
Madrileño	 de	 Investigación	 y	 Desarrollo	 Rural,	 Agrario	 y	 Alimentario)	 at	 latitude	
40°31’12”N;	 longitude	3°18’13”W,	altitude	603	m	a.s.l.	This	 is	an	experimental	 farm	of	 the	




The	 field	 area	 devoted	 to	 this	 crop	 was	 20	 ha.	 The	 soil	 was	 an	 Alfisol	 (USDA	 soil	
taxonomy),	 more	 specifically,	 Haploxeralf	 Calcic.	 At	 this	 site,	 the	 climate	 is	 Xeric	
Mediterranean,	 sub-type	 Mild	 Meso-Mediterranean,	 commonly	 described	 as	 continental-
Mediterranean.	Based	on	historical	records	(1957	to	2000),	the	climate	data	of	the	average	
year	are:	13.4°C	mean	temperature,	60%	relative	humidity,	1.8	m	s-1	wind	speed,	309.8	cal	
cm-2	 day-1	 global	 radiation,	 429.7	 annual	 rainfall	 and	 744.9	 mm	 y-1	 ETP	 (Thornthwaite)	
(Mauri,	2000).	




The	 field	 was	 subsoiled,	 ploughed	 and	 harrowed	 in	 September	 to	 be	 physically	
prepared	 for	 sowing.	 Specific	 soil	 characteristics	 were	 determined	 at	 the	 design	 of	 the	
treatments	 (see	 next	 sub-section).	 In	 order	 to	 describe	 the	 climate	 conditions	 during	 the	
experiment,	 the	 records	 of	 temperature	 and	precipitation	were	 compiled	 from	 the	 closest	
meteorological	station,	located	in	San	Fernando	de	Henares	(Madrid,	Spain).	
The	crop	was	established	from	seeds.	Sowing	was	carried	out	in	October	by	means	of	a	
seed	 driller	 (4-5	 kg	 seeds	 ha-1)	 working	 with	 0.80	 cm	 separation	 between	 rows.	 Plants	
developed	according	the	natural	cycle	of	this	plant	species,	dried	up	in	summertime	and	re-
grew	soon	after	the	first	autumn	rainfalls.	As	described	in	the	literature,	the	year	of	sowing	










One	plot	 represented	 the	Cynara	 standard	plantation	design	 in	 rows	 0.80	 cm	apart;	 plant	
density	was	maintained	 as	 it	was	 at	 that	 time	 (Treatment	 SR).	 The	 other	 plot	 aimed	 at	 a	
double-row	 plantation	 design;	 it	 was	 achieved	 by	 lifting	 two	 out	 of	 four	 crop	 rows	




In	 summertime	 (first	week	of	 September)	both	 treatments	were	 evaluated	 for	plant	
traits	 and	 biomass	 production.	 Samplings	were	 performed	 by	 hand,	 taking	 at	 random	 six	
replications	of	32	m2	each,	per	treatment.	The	parameters	studied	were	the	following:	plant	



















absolute	 minimum	 temperature;	 pp,	 precipitation,	 ETo,	 evapotranspiracion;	 Rg,	
global	radiation.	
Crop establishment 
(1st growth cycle) 
First productive year 
(2nd growth cycle) 
Tmax (ºC) 37.5 39.3 
tm (ºC) 14.0 14.1 
Tmin (ºC) -6.6 -7.0 
pp (mm year-1) 394.4 534.4 
ETo (mm year-1) 1233.3 1162.2 
Rg (MJ m-2) 207.7 195.3 




time.	 In	 the	 standard	 plantation	 design	 (Treatment	 SR),	 the	 value	 found	 for	 actual	 plant	
density	 was	 27,786	 plants	 ha-1	 which	 represented	 a	 high	 plant	 population	 since	 it	 was	















The	 results	 of	 plant	 traits,	 biomass	 production	 and	 biomass	 partitioning	 of	 both	
treatment,	in	terms	of	crop	area,	are	shown	in	Tables	2	and	3.	It	is	worth	mentioning	that	the	
values	found	for	the	coefficients	of	variation	were	generally	within	the	range	of	the	expected	
values	 for	 field	 trials	 (<25%),	 in	 spite	of	 the	 fact	 that	 the	plantation	was	established	 from	
seeds	and	that	this	plant	species	is	allogamous.	At	the	date	of	harvest	the	aboveground	plant	
parts	 were	 fully	 dry;	 the	 dry	 matter	 content	 was	 85.5	 and	 89.1%	 on	 average,	 for	 the	
treatments	PR	and	SR.	







stem	(Hmin)	and	yield	 in	harvestable	biomass	 for	 the	 treatments	of	double	 rows	
(PR)	 and	 single	 rows	 (SR).	 Between	 brackets,	 coefficients	 of	 variation	 (%).	
Significance:	***p<0.001,	ns	=	not	significant.	
Parameter PR SR Significance 
Plants m-2 1.3 (11.5) 2.8 (13.0) *** 
Stems m-2 2.0 (22.0) 4.6 (18.9) *** 
Heads m-2 10.7 (22.6) 19.7 (15.5) *** 
H max (cm) 214.8 (4.6) 204.6 (5.8) ns 
H min (cm) 90.3 (18.1) 92.5 (14.0) ns 
Yield (kg dm-1 m-2) 0.82 (11.9) 1.33 (13.4) *** 
Table	3.	 Results	of	biomass	partitioning	 (harvestable	biomass,	%	on	dry	weight	basis)	 for	
the	 treatments	 of	 double	 rows	 (PR)	 and	 single	 rows	 (SR).	 Between	 brackets,	
coefficients	of	variation	(%).	Significance:	ns	=	not	significant.	
Plant fraction PR SR Significance 
Cauline leaves 25.6 (18.7) 19.7 (24.6) ns 
Stems 29.1 (13.0) 31.6 (20.5) ns 
Heads 45.3 (9.7) 48.7 (11.1) ns 
Concerning	 crop	 water	 efficiency	 at	 the	 field	 level,	 it	 was	 calculated	 as	 the	 ratio	
between	 harvestable	 biomass	 and	 annual	 rainfall.	 In	 our	 experiment	 it	 was	 estimated	 at	
1.53-2.49	g	L-1	depending	on	the	density	treatment,	for	the	dry	conditions	of	central	Spain.	
The	analysis	of	variance	 showed	high	 significant	differences	between	 treatments	 for	
the	variables:	actual	plant	density	(plants	m-2),	stem	density	(stems	m-2),	number	of	heads	(n	
m-2)	 and	 biomass	 production	 (dry	 weight	 m-2)	 but	 not	 for	 height	 (Hmax	 and	 Hmin)	 or	
biomass	partitioning	(%)	(Table	3).	It	became	evident	that	the	yield	was	very	sensitive	to	the	
factor	 studied	 although	 possible	 changes	 in	 plant	 architecture	 –	 plant	 height,	 biomass	
partitioning	–	were	not	significant.	The	enhanced	growth	of	Cynara	under	the	PR	treatment	
did	 not	 compensate	 the	 effect	 of	 the	 lower	 plant	 density	 and	 resulted	 in	 lower	 yields	 in	
biomass	and	heads.	
CONCLUSION	
The	 performance	 of	 C.	 cardunculus,	 grown	 according	 a	 standard	 plantation	 design	
(single	rows,	0.80	m	apart),	was	compared	to	a	double-row	plantation	design	that	halved	the	
plant	density.	In	both	treatments	the	crop	performed	well	and	the	results	of	plant	traits	and	
biomass	 production	 were	 consistent	 with	 other	 experiments	 in	 dry	 farming.	 The	 trend	
observed	was	that	plants	grew	more	in	height	and	produced	more	heads	and	biomass	in	the	
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